INTRODUCTION
rhodathiaborane, [8, 8, 8 -(PPh 3 ) 2 -nido-8,7-RhSB 9 H 10 ] (1), we have demonstrated that the nidocloso structural and redox flexibility of pyridine-bound rhodathiaboranes, [8, 8, 8 -(H)(PPh 3 ) 2 -9-(Py)-nido-8,7-RhSB 9 H 9 ] (2) and [1,1-(PPh 3 ) 2 -3-(Py)-isonido-1,2-RhSB 9 H 8 ] is the key in the heterolitic H−H bond splitting and subsequent catalytic hydrogenation of olefins, as well as in the oxidative addition of sp-C−H bonds to the clusters. [30] [31] [32] In an attempt to modify the reactivity of these clusters, we have already carried out substitution of the exo-polyhedral PPh 3 ligands in 1 and 2 with the more basic (less bulky) monodentate phosphines, PMe 3 , PMe 2 Ph and PPh 2 Me. This substitutional chemistry has provided a series of new hydridorhodathiaboranes of general formulation, [8, 8, 8 -(H)(PR 3 ) 2 -9-(Py)-nido-8,7-RhSB 9 H 9 ], where PR 3 = PPh 3 (2), 31 PMePh 2 (3), 33 PPh 3 and PMe 2 Ph (4), 33 or
PPh 3 and PMe 3 (5) . 33 The PMePh 2 -substituted analogue, [8, 8, 8 -(H)(PMePh 2 ) 2 -9-(PMePh 2 )-nido-8,7-RhSB 9 H 9 ] (6), 34 is available from the reaction of 1 with PMePh 2 . 34 The thermal dehydrogenation of 2-5 affords isonido-derivatives, [1,1-(L) 2 -3-(Py)-1,2-RhSB 9 H 8 ], where L = PPh 3 (7), PMe 2 Ph (8), PMe 3 (9) , PPh 3 and PMe 3 (10) , or PPh 3 and PMe 2 Ph (11).
As yields are generally good, these 11 vertex nido-and isonido-rhodathiaboranes constitute subjects for further reaction chemistry. Most recently, the treatment of 2, 7, 9 and 10 with Brønsted acids has been found to yield polyhedral cations that exhibit remarkable reactivity, including a significant case of proton-assisted hydrogen activation via metal-thiaborane cooperation by closo-nido cluster transformations (Scheme 1). 35, 36 It interesting to note that although protonation of transition metal complexes is fundamental chemistry that induces an enhancement of the Lewis acidity of the metal centres, [37] [38] [39] and it is relevant to many catalytic processes, to our knowledge, there are few examples of cationic metallaheteroboranes formed upon treatment with Brønsted acids. 40 In fact, the large majority of cationic metallaheteroboranes are based on charged-compensated heteroborane fragments, which act as face-bound ligands, and which are somewhat different in nature from the polyhedral cations we describe in the present work. [41] [42] [43] [44] [45] [46] Herein, we build upon protonation reactions of the above-presented series of 11-vertex rhodathiaboranes, reporting a unique set of polyhedral cations that represents some of the few examples of cationic boron-based clusters of any type.
Given the unique properties of polyhedral boron-containing compounds, commented in this introduction, and our recent discovery that protonation of rhodathiaboranes leads to an enhancement of non-rigidity in the metal-thiaborane linkage, 35 this series of cationic rhodathiaboranes represent a potentially rich source of polyhedral Lewis acids that can lead to new opportunities for bond activation via cooperation between the metal and the thiaborane cage ligand.
Results and Discussion
The treatment of 2-6 with triflic acid (TfOH) leads to the protonation of the nido-cage to give the corresponding polyhedral cations, [8,8,8- 
Scheme 2 Protonation of 11-vertex nido-rhodathiaboranes.
These polyhedral nido-cations have been characterized by multinuclear NMR spectroscopy, mass spectrometry, combined with DFT-calculations. The main difference that can be noted in the 11 B NMR spectra of the cationic nido-clusters versus their neutral parent counterparts is an overall deshielding of the boron resonances. This is particularly so for the resonances that are assigned to the boron atoms at the positions 2 and 5 in the cluster (Figure 1 ), suggesting that there has been an important change in the {Rh(H)(L) 2 }{ 4 -SB 9 H 9 (Py)} bonding interaction upon protonation of the cluster (vide infra).
The effect in the 13 P-{ 1 H} spectra with respect the neutral counterparts depends on the nature In the negative region of the 1 H-{ 11 B} NMR spectra, the nido-cations exhibit three signals ( Figure 2 ). The lowest frequency multiplet, which is not affected by broad-band boron decoupling, can be safely assigned to the RhH hydride ligand. In contrast, the singlet at the highest frequency and the doublet at intermediate frequencies broaden when the boron broadband decoupling is turned off, indicating that these resonances are due to boron-bound protons, and, therefore, they may be assigned to BHB (high frequency) and RhHB (intermediate frequency) bridging hydrogen atoms. Together, the NMR data demonstrate that the nidohydridorhodathiaboranes are protonated on the pentagonal faces. Table 1 was characterized by multinuclear NMR spectroscopy in mixtures such as that illustrated in Figure 2 above.
Scheme 3 Protonation of isonido-rhodathiaboranes to give isonido-cations.
The bis-(PMePh 2 )-ligated isonido-rhodathiaborane, analogue of 7-9, is not available from the thermal treatment of [8, 8, 8 -(H)(PMePh 2 ) 2 -9-(Py)-nido-8,7-RhSB 9 H 9 ] (3), precluding the Figure S3 included in the supporting information for this paper). Figure S4 ). It is interesting to note that upon protonation the Me-containing phosphine ligands, PMe 3 and PMe 2 Ph, suffer a shift to higher frequencies whereas the PPh 3 ligand shifts towards lower frequencies. As commented above, the same effect is observed for the protonated nido-clusters versus their neutral conjugated nido-bases.
Tabla 2 11 B and
The 1 H-{ 11 B} and 1 H NMR spectra provide decisive data for the characterization of the proton site on the clusters. Thus, all the isonido-cations exhibit a multiplet in the range ( 
Of special relevance are the distances that define the rhodiumthiaborane interaction in these conformational isomers. The interatomic-length pattern of this linkage is illustrated in Figure 6 for: (a) the cationic cluster, isonido-20b, (b) its DFT-optimized structure, (c) the conformer, nido-20a 3 , (d) compound 10, (e) cluster 7, and (f) the parent rhodathiaborane, 1. Table 3 gathers additional RhB distances and angles for these compounds. This structural motif can be formed by a simple diamond-square process in a canonical closo-structure based on an octadodecahedron, giving a more open structure that is usually classified as isonido. In the neutral cluster [ Figure 6 These structural changes found in the cationic conformers with respect to the neutral counterparts indicate that the metalthiaborane linkage is non-rigid and that conformational changes can be produced at a low energy cost in this system. In order to evaluate this fact, we carried out DFT-optimizations starting from the X-ray determined structure of isonido-20b, adding a hydrogen atom along the Rh(1)B(3) edge (closo/isonido-labeling) as inferred by the spectroscopic NMR characterization. The initial structure of the isonido-cluster exhibited a hydrogen atom in a bridging position at 1.698 Å from the Rh(1) center and at 1.330 Å from the B(3) vertex, which after the optimization at the B3LYP/6-31G*/LANL2DZ level ended as a hydride ligand trans to the sulphur vertex, with a distance of 2.094 Å to B(3) [ Figure 6 (b) and (7) where the cluster is protonated. This supports the commented experimental data, giving further indication that the Rh(1)HB(3) bridging-bound hydrogen atom, fully characterized in solution, exerts a strong influence to the rhodiumthiaborane bonding interaction. In this regard, it is also important to note that the P(1)Rh(1)S(2) and P(2)Rh(1)S(2) angles decrease significantly upon protonation (Table 3) Interestingly, the optimization of nido-20a 3 , starting with a hydrogen atom along the Rh(8)HB (9) edge, ended with a nido-structure that shows a bridging hydrogen atom along the B(9)B(10) edge on the pentagonal face, resembling the structure of crystallographically determined, [8,8- This suggests that in the solid state the nido-conformer, 20a 3 , could exhibit the hydrogen atom, arising from protonation, at the B(9)B(10) edge rather that along the Rh(8)B (9), as suggested by the isonido-configuration (Figure 7) . In any event, the DFT-calculated energy difference between the optimized nido-structure and the isonido-cation is 2.5 kcal/mol ( Figure 7 ). To put this energy into perspective, we should bear in mind that the barrier to rotation about the single bond of ethane is about 2.8 kcal/mol, that hydrogen bond strengths are generally estimated to be in the range 1 to 10 kcal/mol, and that the differences in lattice energy among different polymorphic forms is expected to be in the range 1 to 2 kcal /mol. 49 To analyze possible packing motifs leading to crystal environments that may favor the predominance of one conformation versus another, we need to discuss in more detail the crystal structures of 20a and 20b. Both structures are based on a matrix of rhodathiaborane cations and triflate anions, which assimilates solvent molecules. In the extended structure of crystal 20a, the nido-cations, 20a 3 , form dimers via - interactions between the pyridine rings. The configuration of the pyridine rings in the dimer fall into the category of paralleldisplaced, 55 and an inversion centre relates both pyridine-substituted clusters ( Figure 8 ). These dimers pack along the crystallographic a direction forming ribbons that are repeated down the b direction leading to the formation of a layer of cationic nido-clusters ( Figure 9 ). There is one crystallographically independent triflate anion at 3.780 Å from the pyridine rings, following the nido-rodathiaborane cations alongside the a axis.
48-54
Alternatively, both isonido-conformers, 20a 1 and 20a 2 , associate in pairs through sextuple phenyl embrace (SPE) interactions ( Figure 10 ). The P  P separation and the Rh-P  P-Rh colinearity are 6.9 Å and 173º, respectively, and fall in the range reported for this attractive edge-to-face interaction (Figure 10 ). 56 The resulting rhodathiaborane dimers pack along the aaxis, forming two crystallographically independent ribbons (blue and green in Figure 9 ). Each dimer interleaves between two {RhSB 9 }-heads of dimers on adjacent ribbons, leading to relative short cage contacts (4.136 Å the shortest) that are reminiscent of the interdigitated protruding teeth of a zip fastener. The overall effect is the formation of zigzag ribbon-like layers on the ab plane: two of these layers sandwich a layer of nido-cages ( Figure 9 ). Similarly, the isonido-clusters found in the crystal 20b exhibit the attractive interactions of the phenyl groups of adjacent clusters forming dimers. This basic supramolecular motif packs in the same fashion than their isonido-congeners above, leading to a zigzag ribbon-like structure that runs along the b axis. This packing forms large rombohedrial channels that are filled with the triflate anions as well as co-crystallized solvent molecules of hexane and acetone ( Figure 11 ). It is interesting to note that in both crystals, 20a and 20b, the triflate anions lie close to the pyridine rings of the polyhedral cations (shortest N … O length at 3.278 Å). As illustrated in Figure 12 , the anion / cation packing motif involving the isonido-clusters is virtually the same, being, as expected, different for the nido-isomer. These packing motifs agree well with the fact that there is a region of net positive charge along the Rh(1)B(3) edge of the polyhedral cations, where, as demonstrated by NMR spectroscopy, the neutral isonido-rhodathiaboranes are protonated. After this analysis, it is clear that there are two packing motifs that play an important role in the stabilization of different conformers in the unit cell of crystal 20a. Thus, - pyridine dimer formation brings about a distortion of the 11 vertex rhodathiaborane cage to give a nidostructure with a pentagonal face; whereas attractive edge-to-face interactions of phenyl groups favor a closer isonido-conformation with pseudo-C s symmetry. We should bear in mind that - pyridine binding energies have been calculated to be in the range 2.2 to 3.8 kcal/mol, 55 and that an edge-to-face attractive interaction of a phenyl ring within a SPE is estimated to be 2.4
kcal/mol to 3.3 kcal/mol. 56 It is clear that given the proximity of cluster conformational energies between the nido-and isonido-rhodathiaborane cations, these intermolecular forces are sufficient to stabilize both isomers. Thus, the creation of different crystal environments within the lattice leads to the formation of different conformers in the same unit cell.
Scheme 4
Stepwise reactions of 11-vertex rhodathiaboranes with HCl and TfOH.
General considerations Conclusions

11-vertex nido-and isonido-rhodathiaboranes are easily protonated by TfOH to afford nido-
and isonido-cations. Since the yields of these neutral 11-vertex rhodathiaboranes are generally good, this is a convenient entry into the area of polyhedral boron-containing cations, which is scarcely explored with only a small number of reported cationic boranes and metallaheteroboranes. [39] [40] [41] [42] [43] [44] [45] [46] [57] [58] [59] [60] [61] [62] [63] It is important to recall that the majority of reported cationic metallaheteroboranes generally contain charge-compensating ligands; [41] [42] [43] [44] [45] [46] and the number of cationic polyhedral boron clusters formed by simple protonation is very small indeed. 39, 40 The herein reported reactions with TfOH together with previous results with HCl, 36, 64 give We are currently developing these and other aspects, dealing with the reaction chemistry of these unique rhodathiaboranes.
Experimental Section
General
All reactions were carried out under an argon atmosphere using standard 
X-ray structure analysis of crystals 20a and 20b
Crystal 20a was grown by slow diffusion of hexane into a dichloromethane solution, and its structure was previously reported (CCDC-907304). Crystal 20b was obtained by slow diffusion of hexane into an acetone solution: CCDC-937675. In both cases, the studied crystals, 20a and 20b, were coated with perfluoropolyether, mounted on a glass fiber and fixed in a cold nitrogen stream (T = 100(2) K) to the goinometer head. Data collection were performed on a Bruker Kappa APEX DUO CCD area detector diffractometer with monochromatic radiation (Mo  ) = 0.7107073 Å, using narrow frames (0.3 in ). The data were reduced (SAINT) 66 and corrected for absorption effects by multiscan methods (SADABS). 67 The structure was solved using the SHELXS-86 program, 68 and refined against all F2 data by full-matrix leastsquares techniques (SHELXL-97). 69 All non-hydrogen atoms were refined with anisotropic This reactivity precluded the isolation of 13, and its characterization was carried out in situ in samples that contained mixtures of this cationic hydridorhoadathiaborane (two conformers, see 
